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PROBLEMS OF MODELING AND CONTROL OF THE TECHNOLOGICAL PROCESS OF
ORE GRINDING
Mukhitdinov Djalolitdin Pakhritdinovich1, Boybutayev Sanjar2
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Tashkent State Technical University, Address: 2 Universitetskaya st., 100095, Tashkent city, Republic of Uzbekistan,
E-mail: muxitdinov48@mail.ru;
2
Navoi State Mining Institute, Address: 27 Galaba Str., Navoiy city, Republic of Uzbekistan.

Abstract: The article analyzes the methods of mathematical modeling of the closed-loop process of fine grinding of
ore in order to predict the composition of the crushed raw material. Analyzed modeling methods that consider the control of
classification of crushed raw materials and finished products by the size of the recirculating load, simulation modeling
methods, methods that use neuro-phase netthe research apparatus, in which the fuzzy logic apparatus serves as a fundamental
component for the formation of conclusions. The materials presented in the article reflect the theoretical substantiation and
generalization of the accumulated practical experience in modeling and control of the grinding process. The conclusion is
that scientific and technical progress in the study of the grinding process can be achieved on the basis of a comprehensive
systematic approach based on mathematical modeling, relying on theoretical and practical knowledge of the process and
taking into consideration the laws of change in the particle size distribution and process control at a given output of the
finished class of commercial products should be combined.
Keywords: ore, grinding, medium composition, granulometric composition, physical and mechanical properties of
raw materials, residue value on the control sieve, process cycle, closed cycle, mathematical model, balance equations,
particle residence time in the machine, neural netthe research model, control, closed cycle grinding control, adaptive control,
intelligent control.
Аннотация: Мақолада янчилган хом ашё таркибини олдиндан башорат қилиш мақсадида рудани керакли
ўлчамда янчиш жараёнининг берк циклини математик моделлаштириш усуллари таҳлил қилинган. Қайта ишлаш
юкламаси асосида янчиладиган хом-ашё ва тайёр маҳсулотларни ўлчами бўйича таснифланиши жараёнини
назорат қилиниши кўриб чиқилган моделлаштириш усулларида, имитацион моделлаштириш усуллари, хулосаларни
шакллантиришда асосий компонент бўлиб хизмат қиладиган ноаниқ мантиқ аппаратли нейро-фаззи тармоқли
аппаратдан фойдаланиладиган усуллар таҳлил қилинган. Барча таҳлил қилинган усуллар энергия сарфини
камайтириш ва янчиш сифатини ошириш мақсадида янчиш технологик жараёнини бошқариш учун қўлланилади.
Мақолада келтирилган маълумотлар янчиш жараёнини моделлаштириш ва бошқаришда тўпланган амалий
тажрибани назарий асослаш ва умумлаштиришни акс эттиради. Хулосада янчиш жараёнини ўрганишда илмий ва
техникавий тараққиётга математик моделлаштириш базасида, жараён ҳақидаги назарий ва амалий билимларга
таяниб ва заррача катталигининг тақсимланишидаги ўзгариш қонуниятларини ҳисобга олган ҳолда комплекс
тизимли ёндашувлар асосида эришиш мумкин, лекин махсулотнинг тайёр синфи асосида ўрнатилган чиқиш
катталигидаги жараённи бошқариш комбинацион бўлиши зарурлиги келтирилган.
Таянч сўзлар: руда, янчиш, аралашма таркиби, гранулометрик таркиб, хом-ашёнинг физик-механик
хусусиятлари, назорат элакчасидаги қолдиқ миқдори, технологик цикл, берк цикл, математик модел, баланс
тенгламалари, заррачаларни аппаратда бўлиш вақти, нейро-тармоқли модел, бошқарув, янчиш жараёнини берк
циклини бошқариш, мослашувчан бошқарув, интеллектуал бошқарув.
Аннотация: В работе проведен анализ методов математического моделирования замкнутого цикла
процесса тонкого измельчения руды с целью предсказания состава измельчаемого сырья. Проанализированы
методы моделирования, рассматривающие контроль классификации измельчаемого сырья и готовой продукции по
крупности рециркулирующей нагрузки, методы имитационного моделирования, методы, использующие нейрофаззи сетевой аппарат, в котором аппарат нечеткой логики служит основополагающей составляющей для
формирования выводов. Все проанализированные методы служат для управления технологическим процессом
измельчения с целью снижения энергетических затрат и повышения качества измельчения. Приведенные в работе
материалы отражают теоретическое обоснование и обобщение накопленного практического опыта
моделирования и управления процессом измельчения. В заключении делается вывод о том, что научный и
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технический прогресс в изучении процесса измельчения может быть достигнут на основе комплексного
системного подхода на базе математического моделирования, базирующегося на теоретических и практических
знаниях о процессе и учитывающего закономерности изменения гранулометрического состава, а управление
процессом при заданном выходе готового класса товарной продукции должно быть комбинированным.
Ключевые слова: руда, измельчение, состав среды, гранулометрический состав, физико-механические
свойства сырья, величина остатка на контрольном сите, технологический цикл, замкнутый цикл, математическая
модель, балансовые уравнения, время пребывания частиц в аппарате, нейро-сетевая модель, управление, управление
замкнутым циклом измельчения, адаптивное управление, интеллектуальное управление.

A mathematical model of the grinding process is created in order to predict the composition of
the crushed ore. In this case, the model should be built taking into account changes in the physical and
mechanical properties of the milled ore and the state of the milling medium.
In the research [1] on the basis of the analysis of a closed cycle of fine grinding of ore the
mathematical models of grinding cycles with the check of their adequacy to the indicators of grinding
were made, which allowed the author to establish the degree of influence of particle size distribution of
material on the productivity of the mill. To make a mathematical model, the author of the the research
considers a closed cycle of grinding, controlling the classification of the ground product and the finished
product by the coarseness of the recirculating load.
Models of grinding cycles in this the research are based on the balance equations of the
calculation class in the operation of classification and mixing of products. As an indicator of the
coarseness of the product used the value of the residue on the control sieve, the pattern of decrease over
time on the control sieve is determined by the equation [2,3,4] (1)
𝑅 = 𝑅0 𝑒 −𝑘𝑡
(1)
The balance equation of the calculated class in the classification operation is expressed by
equation (2), from which formula (3) is derived to determine the residual of the control class in the milled
product
(1 + 𝑐)𝑅𝑚 = 𝑅 + 𝑐𝑅𝑠
(2)
𝑅 = (1+𝑐)𝑅

(1+𝑐)𝑅𝑚 𝐸 ″

𝑅𝑚 𝐸 ″
″
′
𝑚 𝐸 +(1−𝑅𝑚 )𝐸

=𝑅

(3)

Or after transformations the following equation is obtained:
𝑅
𝑅 = 𝑅𝑚 (1 + 𝑐)𝐸″ , 𝑅𝑚 = 𝐸″ (1+𝑐)

(4)

″
′
𝑚 𝐸 +(1+𝑐)(1−𝑅𝑚 )𝐸

The value of the control class residue in the discharge of the mill the author determines by the
dynamic change in grinding, given that the grinding receives a total flow, consisting of the original
product and the circulation flow:
𝑅 +𝑅(1−𝐸 ″ )/𝐸″

𝑅𝑛 = 0 1+𝑐
(5)
According to the author, the residence time of the ground material in the mill is determined by
its the researching volume and volume flow of the material and transport medium through the mill (6).
𝑉𝑚
1
𝑡=
=
(6)
𝑄𝑣 (1+𝑐)

𝑞𝑣 (1+𝑐)

As a generalized criterion reflecting the ability of the mill to grind particles larger than the size
of the control class, the author took the performance of the newly formed class:
𝑘(𝑅0 −𝑅)
𝑞𝑎𝑉 = 𝑞𝑉 (𝑅0 − 𝑅) = 𝑙𝑛 𝐴(1+𝑐)
(7)
The (1+c) expression is calculated using the equation
1 = (1 + 𝑐)𝑅𝑚 𝐸″ + (1 + 𝑐)(1 − 𝑅𝑚 )𝐸′
(8)
In the research [5] it is noted that by stabilizing the optimal conditions of filling the first stage
grinder with ore one can maximize the productivity of the grinding process in terms of the initial
material. However, the physical-mechanical and other properties of the processed raw materials are not
constant over time. This circumstance and the fact that the removal of tailings containing particles of
different size classes at the first stage varies from 30-50% leads to destabilization of the load on the
processed material of the following grinding stage.
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Since the grinding process is carried out in a closed cycle, the flow rates of products expressed
in mass fractions are determined by the ratios:
𝑄2
𝑄3
𝑄4
𝑄5

= (1 + 𝐶) × 𝑄1
= 𝑄2
}
= 𝑄1
= 𝐶 × 𝑄1

(9)

C – circulating flow, calculated by the formula:
𝑄

𝑄

𝐶 = 𝑄5 = 𝑄5

(10)
Based on the balance equations, the author of this the research calculates the mass flow rates of
size classes (-d) and (+d) by the relations:
1

4

𝑄1 = 𝑄1 × 𝐵1−𝑑 ;
𝑄4−𝑑 = 𝑄1 = 𝐵4−𝑑 ;
𝑄1 𝐵4−𝑑
𝑄3−𝑑 =
;
𝐸
𝐵4−𝑑
𝑄5−𝑑 = 𝑄3−𝑑 − 𝑄4−𝑑 = 𝑄1 × (
− 𝐵4−𝑑 ) ;
𝐸
𝐵4−𝑑
𝑄2−𝑑 = 𝑄1−𝑑 − 𝑄5−𝑑 = 𝑄1 × (𝐵1−𝑑 +
− 𝐵4−𝑑 ) ;
𝐸
𝑄1+𝑑 = 𝑄1 × (1 − 𝐵1−𝑑 );
𝑄4+𝑑 = 𝑄1 × (1 − 𝐵4−𝑑 );
𝑄3+𝑑 = 𝑄3 − 𝑄3−𝑑 = 𝑄1 × (1 + 𝐶 −

𝐵4−𝑑
𝐸

(11)

);

𝑄2+𝑑 = 𝑄2 − 𝑄2−𝑑 = 𝑄1 × (1 + 𝐵4−𝑑 − 𝐵1−𝑑 + 𝐶 −
𝑄5+𝑑 = 𝑄5 − 𝑄5−𝑑 = 𝑄1 × (𝐶 + 𝐵4−𝑑 −
𝑄3+𝑑 = 𝑄2+𝑑 𝑒 −𝑟𝑇

𝐵4−𝑑
𝐸

).

𝐵4−𝑑
);
𝐸

(12)
(13)

where r – is a constant reflecting the grinding kinetics; Т – grinding time.
In the research [6], a simulation model is used to study a closed cycle of wet grinding of ore. The
grinding plant consists of a ball mill, a pump sump, a pressure slurry pipeline, a battery of ten
hydrocyclones and transport slurry pipelines. The following symbols are used in the description of the
model: Qм, Qг, Qс, Qп – Ore consumption respectively: in the mill at the inlet to the closed circuit, in
the pump sump, in the drain and in the sands of hydrocyclones, in t/h; Wм, Wг, Wс, Wп , Wз – water
flow rate to the respective units, t/h; W – volume pump capacity, m3/h; ρт, ρп, ρ – densities
corresponding to solid matter, water and hydrocyclone feed, t/m3; δi – index of the left boundary size of
the i-th product size interval, mm; 𝛿̃𝑖 - is the average size of the i-th segment of the coarseness, mm;
Operating experience and analysis of literature [7-17] shows that if the boundary conditions are
stable and that the operator has extensive experience in operation, it is possible to maintain a satisfactory
crusher performance. Unfortunately, boundary conditions tend to change over time [7]. Moreover, the
operator sometimes lacks relevant experience. These factors are a key disadvantage for the bottom line.
In connection with the above problems there is a need to consider intelligent control schemes
[12, 42, 43].
Thus, in the research [12] to establish the functional dependence of ore destruction on its
mineralogical composition, a neuro-phase netthe research apparatus is involved, in which the fuzzy logic
apparatus serves as a fundamental component for the formation of conclusions.
The process of comminution is described by the author of the paper with reference to [13] as an
ideal mixing model. The material balance of the technological process the author expresses in the form
of the following sequence:
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For each size class, the balance is written in the form of a differential equation:
𝑑𝜔𝑖
𝑓
𝜔𝑖
= 𝜏𝑖 − 𝑠𝑖 𝜔𝑖 + ∑𝑖−1
(14)
𝑗=1 𝑏𝑖𝑗 𝑠𝑗 𝜔𝑗 − 𝜏
𝑑𝑡
where 𝜔𝑖 - the mass content of a certain particle size class in the mill; 𝑓𝑖 - mass composition of some
coarseness class in the feed; 𝜏 - the time during which the material passes through the mill; 𝑏𝑖𝑗 , 𝑠𝑖 , 𝑠𝑗 are the coefficients of the fracture function and material selection, respectively;
The author describes the general material balance for the stationary state by the equations:
𝑓𝑖
𝜔𝑖
+ ∑𝑖−1
(15)
𝑗=1 𝑏𝑖𝑗 𝑠𝑗 𝜔𝑗 = 𝑠𝑖 𝜔𝑖 + 𝜏
𝜏
Given this dependence, the author rewrites equation 14 in the form:
𝑑𝑚𝑖
𝑓
𝑚𝑖
= 𝑖 − 𝑠𝑖 𝑚𝑖 + ∑𝑖−1
(16)
𝑗=1 𝑏𝑖𝑗 𝑠𝑗 𝑚𝑗 − 𝜏
𝑑𝑡
𝜏
Based on equations (14) and (16), the conclusion is that the residence time of different sized
particles in the apparatus is the same, although, according to the author of the the research, there is
always some variation depending on the degree of mixing, which can be expressed as a function
𝑑𝑃
𝐸(𝑡) = 𝑑𝑡 ,
(17)
where 𝑑𝑃 – is a value indicating the possible time the particle can stay in the shredder in the time interval
𝑡 - 𝑑𝑡.
The time of passage of particles through the apparatus the author carries out by representing the
motion of the flow through the cascade of three mixers and equation (16) on this assumption is rewritten
in the form:
𝑖−1

𝑑𝑚𝑖𝐴 𝑓𝑖𝐴
𝑚𝑖𝐴
=
− 𝑠𝑖 𝑚𝑖𝐴 + ∑ 𝑏𝑖𝑗 𝑠𝑗 𝑚𝑗𝐴 −
𝑑𝑡
𝜏𝐴
𝜏𝐴
𝑗=1
𝑖−1

𝑑𝑚𝑖𝐵 𝑓𝑖𝐵
𝑚𝑖𝐵
=
− 𝑠𝑖 𝑚𝑖𝐵 + ∑ 𝑏𝑖𝑗 𝑠𝑗 𝑚𝑗𝐵 −
𝑑𝑡
𝜏𝐵
𝜏𝐵
𝑗=1

𝑑𝑚𝑖𝐶

𝑓𝑖𝐶

− 𝑠𝑖 𝑚𝑖𝐶 + ∑𝑖−1
𝑗=1 𝑏𝑖𝑗 𝑠𝑗 𝑚𝑗𝐶 −

𝑚𝑖𝐶

(18)
The author carries out the prediction of the grinding function on the basis of the neuro-phase
network (Figure 1,2):
𝑑𝑡

=

𝜏𝐶

𝜏𝐶

Figure 1. Structural diagram of the neuro-fuzzy network.
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Figure 2. The structural diagram of the material selection function.

To predict the material selection function, the author feeds, according to the technological typing,
the type of ore to the input of the network and the second parameter is the ball load of the mill. The
predicted value of the coefficient serves as the output of the neuro-phase network research si. This neurophase network research, in the opinion of the author, can be used in the management of the technological
process of ore grinding.
The author considers [15] to obtain a product of a given quality at minimum economic cost
requires the creation of a special control system built on a high quality mathematical model. The author
presents the closed process of grinding raw materials in the form of a two-dimensional cellular model
(Figure. 3, 4).

Figure. 3. Schematic diagram of a closed process:
f – raw material supply, 1 – shredder (mill), 2 – recirculating flow, 3 – ground product.

Figure. 4. Cellular model of the closed process of grinding raw materials.
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The author divides the length of the mill into (n-2) sections when compiling the mathematical
model. The length of each section is determined by the ratio Ду = 𝐿/(𝑛 − 2). Each (n-1)-th section
refers to the classifier; the m-th section refers to the milled product collector; each of the sections of size
(n-2)×m – grinding chambers. The fractional composition of each j section, the author of the study with
𝑇
reference to [18] presents as a vector-column 𝑓𝑖 = {𝑓1𝑗 𝑓2𝑗 … 𝑓𝑚𝑗 } , а at any current time tk - describes
the column vector 𝐹 𝑘 = {𝑓1𝑘 , 𝑓2𝑘 . . . 𝑓𝑛𝑘 }𝑇 size (m×n)×1. The state vector Fk will change to the state Fk+1
within a short period of time t. State changes are caused by the movement and grinding of raw materials.
The author writes the generalized commutation matrix in the form:
𝐾𝑖𝑗 = 𝐶𝑖 𝐺𝑗
(19)
where Ci и Gj – the grinding and separation matrices, respectively.
The author presents the dynamics of the particle size distribution of the moving material in the
form of 𝐾𝑖𝑗 𝐹𝑗0 , where the indexes show the numbers of the sections where the product is sent.
The quality of the fracture material depends on its mineralogical composition. The author
approximates this dependence using neural networks. The author then introduces the notion of the
fracture coefficient and defines term sets by introducing linguistic variables. These variables correspond
to the content of the valuable product in the ore. Based on the given membership functions the author
makes a table of fuzzy logical inference. The result obtained by the author is presented in the form of
table 1 and the structural diagram of the neural network (Figure. 5). This scheme is almost exactly the
same as the one given in [13].
Table 1.
N1
N2
N3
N4
N5

C1
Bk
Bk
Bk
Bk
Bk

Data table corresponding to fuzzy logical inference
C2
C3
Bk
Bk
Bk
Bk
Bk
Bk
Bk
Bk
Bk
Bk

C4
Bk
Bk
Bk
Bk
Bk

C5
Bk
Bk
Bk
Bk
Bk

Figure. 5. Structure of the neuro-phase network scheme that predicts the function of raw material destruction.

In the research [16], in order to reduce the number of input data and simplify the processing
results [20], certain parameters (Figure 6) whose values could be measured are excluded from the
mathematical model. The values of the excluded parameters are replaced by those calculated in this
paper [17].
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Figure 6. Structure diagram of the grinding and classification process control.

Creating a neural network, the author adheres to the following algorithm:
• current values of parameters corresponding to different load modes on ore with different
properties of the latter are recorded in the database at certain intervals for a certain time;
• data from the base, affecting the operation of the main objects. The data are processed
automatically (the necessity of this is caused by determining the typical composition of parameters and
training of neuromodel objects);
• creation of neuromodels of the main objects of the shredder, their training.
When creating a neuromodel, the author took into account the equality of input and output
neurons to the corresponding number of variables. On this basis, the author created a scheme of a fully
connected neural network, shown in figure 7.

Figure 7. A complete neural network.
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The author uses an arsenal of information, technical and software to create an ICS of the grinding
process.
Since the grinding process is evaluated as a very energy-intensive technological process, the task
of the automated control system is to increase process efficiency by improving control methods [2,
21,22]. Among the effective control systems most commonly used in such situations are adaptive control
systems [4,23,24-52] in which the mathematical model of the grinding process is included in the control
loop and the control actions on the prediction are performed in real time.
We analyze this technological process as an object of control.
In order to reduce energy costs and improve the quality of grinding, the works [7,23,24] propose
the concept of ICS, aimed at stabilizing and optimizing the technological parameters of the equipment.
In the research [7] an adaptive control system is proposed based on the application of the
algorithm of rapid evaluation of ore grade in the control system. The author considers the main task of
the algorithm to be to calculate and maintain the values of functions - setters when stabilizing regulation
of technological parameters. According to the structural diagram of the algorithm, shown below (figure
8), the author of the work judges the possibility of assessing the influence of inputs on the technological
mode and how the measured parameters affect the final performance of the mode.

Figure 8. Control scheme of the grinding and classification process.

Using this algorithm, the author was able to calculate the parameters corresponding to the state
of the grinding process. In addition, on the basis of this algorithm, the author calculates possible variants
of technological overloads when crushing rocks of different hardness and grindability. As a result of this
research, the author concludes that an increase in ore strength leads to a decrease in the coarseness of
the grinding (Figure.9). This in turn leads to an increase in drum loading, circulating load and a
significant increase in power consumption.
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Figure 9. Dependencies on changes in crushing cycle parameters when the mill load is reduced by a factor of two.

The numbers 1,2,3,4 denote, respectively: the size of the ground ore at the mill discharge; the
size of the ground ore at the spiral classifier discharge; the circulating load value (x10); the ore
productivity;
In the research [1] several options aimed at stabilizing the inlet flows of ore, water and grinding
modes were proposed to improve the efficiency of the grinding process. The author pays special attention
to the possibility of preventing overloading of the autogenous grinding mill in the control task. For this
purpose, the author develops the ICS of grinding and classification. According to the author, this scheme
allows to diagnose mill overloads (Figure. 10).

Figure 10. Structure of the control scheme of the grinding and classification complex:

The use of this control principle, from the author's point of view, makes it possible to stabilize
the grinding conditions, which prevents overgrinding of the ore.
In the research [25], considering the ore preparation process shown in Figure 11. The author of
the work notes the importance and complexity of a continuous mode of grinding raw materials in the
creation of ICS. The task of creating an ICS process, according to the author, is complicated by recycling
and a significant transport lag.
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Figure 11. Ore dressing process structure.

The author of this work, as well as many others, notes the most typical tasks that need to be
solved when stabilizing the automation loops, which are to regulate the flow of ore into the mill, to
ensure the ratio "ore-water", the density of the discharge of the classifier, which can vary depending on
the additional amount of water in the classifier or marsh.
In the research [1], in order to determine the degree of influence of controllable factors on the
performance of the mill, closed grinding cycles are considered. The author considers as controllable
parameters the residence time of the crushed particles in the machine separating capabilities of the
classifier, which the author presents in the form of indicators of the probability of extraction in the ready
product of the size class at least 𝐸′ and more than the estimated 𝐸″ . Analysis of the grinding process as
a control object shows that there are two important production indicators in the grinding circuit - grinding
productivity (GP) and ground particles size(GPS), which cannot be measured continuously.
The most important quality indicator that directly affects the performance of the subsequent stage
- enrichment in terms of the content in the concentrate of the target product and the degree of extraction
- is the fixed size of the crushed particles [22].
Grinding capacity, which is determined by the capacity of the first mill and its operating ratio
(percentage of free mill time to calendar production time), is another important indicator that is directly
related to the productivity of the entire ore processing process [23].
In the crushed ore there may be both large and excessively fine particles that have a negative
economic impact [24]. Therefore, the management of the grinding process must use an optimal control
strategy within a certain range
𝑆𝑑 − 𝑆𝛥 , 𝑆𝑑 + 𝑆𝛥
where 𝑆𝑑 - fixed size, 𝑆𝛥 - the permissible size of the fluctuation.
If the RFID is maintained within a given range, the shredding performance should increase,
which would indicate an efficient use of energy.
The above process is characterized by two product quality indicators: the particle size of the
cyclone overflow slurry product (PPSh) and the particle size of the classifier spiral overflow slurry
product (PPSc).
The particle size of the spiral classifier slurry overflow product reflects the quality of the product
of the first grinding stage, and the particle size of the cyclone overflow slurry product is the final
indicator of the product quality of the whole grinding process. The particle size fineness of the cyclone
slurry overflow product is closely related to the particle size of the spiral classifier slurry overflow
product in the grinding process [24]. Therefore, the particle size of the slurry overflow spiral classifier
product and the particle size of the slurry cyclone overflow product must be effectively controlled so
that the particle size meets the specifications. According to the physical phenomena occurring in the
grinding process, the main process variables available to achieve the above control objective are the
fresh ore feed rate Of, the slurry density of the classifier overflow dc, the pulp density of the mill I dm,
the slurry density of the cyclone feed df and the cyclone feed pressure dp [28]. Consequently, the above
indicators can be optimized by adjusting these key process variables. In addition, the main disturbances
in the grinding chain that affect the performance of the system are variations in the hardness of the ore
km and the particle size distribution of the initial ores kr.
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Because of the difficulty of measuring and numerically expressing km and kr, the five ordered
numbers {1,1.5,2,2.5,3} can be used to distinguish the linguistic variables {big, relatively big, medium,
relatively small, small} for km and {bad, relatively bad, medium, relatively good, good} for kr.
Scientific studies [7-17,18], which address the issues of classification and grinding, reflect the
theoretical substantiation and generalization of scientific material and all the accumulated experience on
the basis of system analysis and synthesis. It should be separately noted that the mathematical modeling
of the chemical-technological process of grinding is a particularly difficult problem. This complexity is
due to the stochastic, virtually unobservable nature of the movement and destruction of particles in the
apparatus. In addition, one cannot discard the insignificance of the dispersion of characteristics and
properties of particles in terms of shape, strength, and geometric size. In this regard, many studies of
grinding processes are carried out in a simple and accessible way.
In determining the direction of further research, preference should be given to the mathematical
modeling proper, supplemented by materials obtained from the experimental study of the grinding
process of ores with different characteristics on a physical model.
Scientific and technical progress in the study of regimes and technologies of grinding can be
achieved by a comprehensive systematic approach based on mathematical modeling of the process under
study, which would take into account the laws of change in its particle size distribution, would be based
on theoretical and practical knowledge of the characteristics and properties of the phenomena studied in
a drum ball mill. To date, there are two approaches to solving the problem of constructing mathematical
descriptions of technological methods of grinding, which are based on the physics of particle destruction
and formation of the hydrodynamic structure of flows in the studied apparatus. In our opinion, one of
the most convincing solutions in a comprehensive analysis of the fracture process is to combine and
generalize these theories and synthesize a mathematical model that combines a fractal analysis of the
cracking phenomena in the examined particles and formalization of the structure of interacting flows
based on the diffusion representation of process models. This will increase the formalization accuracy
of the majority of parameters and factors that have a significant impact on the technological efficiency
of the technological method of grinding, as well as the possibility of formalization with the necessary
level of detail of the complex architecture and the potential of available computer tools of embodiment
and implementation of mathematical models.
The automation level of classification and grinding processes in different industrial plants
sometimes varies greatly, which is associated with constantly changing characteristics of the ore fed to
the grinding, as well as factors such as the loading of grinding media, water conditions, circulating loads
and others that lead to changes in plant performance and require the operator to change the task of ore,
constantly adapting to changing conditions [7, 22]. At most industrial facilities, such problems are solved
by introducing circuits for automatic stabilization of process variables - the flow rate of ore entering the
unit, the ratio of "ore-water" flow rates, as well as the density indicator of the hydraulic cyclone discharge
by additional water supply to the marsh.
It is only possible to stabilize the ore flow rate if the mill capacity is stable, which is almost
impossible when the properties of the ore are constantly fluctuating, and this leads to changes in the ore
assignment [9]. Unstable filling of the mill with ore results in lower mill throughput due to possible
emergency reloading, resulting in lower overall throughput, but with increased energy costs. The process
mode in which the ore-to-water ratio is stabilized gives good results for mills with an open grinding
cycle. In a closed grinding cycle, an increase in the volume of the circulating load can lead to a
disturbance of the density modes. Stabilization of the sump discharge density helps to maintain the
density regimes of the following enrichment stages. However, the purpose of the Sump is to stabilize
the classifier's grading, where the yield of the finished grade increases as the pulp density decreases [9,
14]. This reasoning does not allow us to judge an unambiguous correspondence between density and
gravity.
The volume of ore fill in the mill allows for some degree of monitoring of the dynamics of ore
properties and grinding conditions, which makes it possible to adjust the current capacity to time-varying
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conditions. The stability of the volumetric fill allows: to maximize the mill capacity for the given
conditions; to stabilize to a certain extent the circulation load and to reduce energy consumption. An
alternative to improving the efficiency of the plant is the automatic control of the pelletizing composition
of the crushed ore, because the crushing is aimed at ensuring the quality operation of the plant at the
subsequent stage of enrichment. Based on the fact that the particle size distribution is a function of many
components, combined control is possible. With combined control, a given output of the finished class
of marketable products at a given capacity will be provided by stabilizing the water regimes of the object,
and at a given output of the finished products of the set limits by changing the capacity of the plant
accordingly.
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